CuInSe 2 (CISe) compound was produced by high-temperature synthesis. After mechanical milling, the average CISe particle size decreased to 10m. The authors study structural changes of the compound after ablation in liquid by a 1064 nm pulsed laser. The SEM examination indicated the presence of spherical particles with the average size of ~ 450 nm. A nonlinear relationship was established between the laser radiation dose and the quantity of spherical particles. The XRD analysis has shown an improvement in the CISe crystalline structure and the absence of significant changes in its stoichiometry. The 3 µm thick experimental CISe samples were screen-printed on planar Ni electrodes, and improvement also was revealed in their photosensitivity. The conclusion is that the pulsed-laser ablation can be applied to chalcopyrite structures like CISe without destruction of their initial properties.
INTRODUCTION
Chalcopyrite CuInSe 2 (CISe) based materials are most promising for the use in thin-film photovoltaic devices owing to their high absorption coefficient, tunable bandgap (depending on the composition) and a higher efficiency of the devices produced as compared with thin-film solar cells of other types [1] [2] [3] . Although technical studies have been reported which are aimed at improving the performance and reducing the production cost of monocrystalline solar cells and thin-films, the composition and structure of nanoparticles in a disperse CISe compound are not understood well enough. In order that improved technologies can be applied for production of next-generation solar cells it is important to examine the relevant physical mechanisms on the nano-scale -in particular, physical properties of nanoparticles in view of phase formation and crystallization. The CISe absorber layers can be prepared using such procedures as sputtering [4] , electro-plating deposition [5, 6] , evaporation [7] , pyrolysis of molecular singlesource precursors [8] , etc.. Recently, methods for synthesizing CISe nanoparticles by microwave heating have been reported [9, 10] . An alternative method that offers access to an unlimited nanomaterial spectrum (since the nanoparticles may be generated from almost any solid material) is pulsed-laser ablation in liquid (PLAL) [11] [12] [13] . Advantages of this method are the high purity of nanomaterial and its variety, as well as in-situ dispersion of nanoparticles in different liquids allowing safe and stable handling of the compounds [14] .
The main objective of the present work was to verify the compatibility of PLAL method with the damage-free processing of CISe compound.
EXPERIMENTAL
CuInSe 2 was obtained by high-temperature synthesis. Initial components (Cu, In, Se) were put in an air-evacuated quartz jar. The jar was slowly heated (20 o C/h) to 1000 o C. A homogenous melt was obtained within 48 h at 1000 o C; then the jar was slowly cooled (7 o C/h). The total time of CuInSe 2 synthesis took 240 h. After a preliminary mechanical grinding, the average grain size was reduced to 10 µm. The CuInSe2 powder was evenly distributed over the bottom of a 7 cm×1.6 cm Petri dish, with a 2 mm thick CuInSe2 layer obtained. After that, the Petri dish was filled with distilled water up to the edges. Six PLAL sessions were performed using a TruMARK 6000 laser system in the scanning mode at λ = 1060 nm. The maximum pulse energy was 250 J at a repetition rate of 100 kHz. Each session consisted of five 1 min long ablation procedures with a 2 min cooling interval. Such mode made it possible to avoid excessive heating of the irradiated material and fluid. The total ablation time during each session was 5 min and the total energy delivered to the Petri dish -450 kJ. Structural properties of the powder were studied after each ablation session using a Vega Tescan LMU scanning electron microscope with an INCA X-act attachment and a Rigaku Smartlab X-ray diffractometer. Photoelectrical parameters of the resulting material were measured on samples prepared by the screen-printing method. The paint for sample preparation consisted of irradiated CuInSe 2 and polyvinyl butyral (PVB), in the proportions of 97:3, which provided acceptable mechanical properties of the coating and did not affect the conductive properties of the samples. The prepared CuInSe2 + PVB paint was coated on glass substrates with magnetron sputtered Ni electrodes, also using screen-printing method. In photoelectric studies of the samples an Oriel Sol2A solar simulator with a 140W lamp, and a Picotest M3500A multimeter were used.
3. RESULTS Figure 1 shows spherical formations in the total mass of CuInSe 2 powder revealed by SEM analysis: after the first PLAL session (Fig.1a ) and after six sessions (Fig. 1b) . The size of spherical particles was 300-1500 nm. As seen in Fig. 1b , subsequent irradiation sessions lead to an increased number of spherical particles and reduction in their average sizes (Fig. 1b) .
The overall picture of the size and number of spherical formations depending on the laser radiation energy is shown in Fig. 2 , where a nonlinear growth rate of spherical particles is observed in a 25 m 2 area, while the average particle size reduction rate is linear after the 2 nd PLAL session. Further processing of the material increases the number of spherical particles, but at the same time a slight reduction in their average size is observed. The majority of spherical particles is ~ 450 nm in size, which is comparable with the laser radiation half-wavelength. Minor changes in the average size of spherical particles are most likely related to the wave diffraction phenomenon and the maximum value of laser pulse energy. After six PLAL sessions the quantity of spherical particles with respect to the whole CuInSe 2 mass was ~ 50%. The chemical composition of CuInSe2 was analyzed after each PLAL session, and only insignificant its changes were revealed (see Table 1 ). Table 1 Chemical analysis before and after six PLAL sessions Apparently, as a result of heating the material, annealing occurs of the defects formed during the mechanical grinding. Such deduction is based on the XRD analysis data. In Fig. 3 an increase is clearly observed in the XRD peak intensities depending on the laser radiation energy. The XRD peak analysis indicated the absence of any additional phases in the structure of CuInSe 2 . Interaction of this material with the 1064 nm pulsed-laser radiation causes its partial melting in water and evaporation, followed by solidification and formation of spherical structures. Remarkable is the fact that changes in the shape and size of the particles do not affect their useful physical properties, which is of importance for practical application of this method [13] , especially if we keep in mind that CuInSe2 is a thermo-sensitive material. The photoelectric measurements show that the working properties of CuInSe 2 noticeably improve after the PLAL process. The photosensitivity behaviour of nonablated and ablated CuInSe2 thin film prepared by screen-printing method is shown in Fig.4 (curve 1 and curve 2, respectively). All photoelectric measurements were carried out in a lightproof case. The relative change in the resistance at illumination of 15.0E+03 lm was 12.2% and 20.4% for the non-ablated and for the laser-ablated CuInSe 2 sample, respectively. Long time of saturation and relaxation is presumably due to the generation and recombination centres of minority carriers in the CuInSe 2 structure. In turn, the generation might be caused by flaws in the CuInSe 2 synthesis or in the mechanical milling of starting materials followed by residual stress in the crystalline lattice of experimental materials.
DISCUSSION
The interaction of a laser beam with a solid target is determined by the optical and thermophysical properties of the latter. The fraction of laser energy that is absorbed by the material is determined by absorptivity A =1-R, where R is the surface reflectivity parameter. Then, the absorbed energy per unit depth is determined by the absorption coefficient (), which is related to the optical penetration depth as  opt =  -1 . Due to high density of free electrons the metals are strongly absorbing materials over the entire spectral range -from infrared to ultraviolet [15] . Contrarily, materials without free electrons are transparent for the photons with the energy smaller than the bandgap. When a material surface is excited by laser irradiation, the photon energy is converted to heat due to photonatom interaction leading to a rapid temperature rise. As a result, a plume formed by highly energetic species can arise where the mass removed and the laser energy are involved in a complex process. This process depends on the laser parameters (pulse duration, energy, wavelength, etc.), the properties of solid target, and the surrounding environment [16] . Due to the high energy density of the target surface some changes may occur (e.g. vaporization, surface melting into a liquid with moving solid-liquid interface), and for definite materials the thermal stress effects are important since they may cause the surface fracture [17] . All these mechanisms can contribute to the formation of particles which can be obtained from condensation of the evaporated material, from solidification of liquid droplets ejected by the recoil pressure induced by vaporization of material from the target. According to the TEM and SEM observations, there are differences among the particles obtained with the pulsed and the CW laser. However, the majority of particles obtained in both cases are spherical, which means that they are probably formed by explosive ejection due to the high temperature reached at the zone of interaction [18, 19] or due to melting and rapid solidification. In the thermal confinement condition the pulse duration is shorter than the time needed for heat dissipation in the target. Under this condition, the pulse duration is shorter than the time needed for formation and diffusion of bubbles in the process of heterogeneous boiling [20, 21] ; therefore, the material can be heated over the boiling temperature, which will lead to the explosive vaporization at low fluences or to the phase explosion at higher fluences [22, 23] . On the other hand, the stress confinement condition is fulfilled when the energy is deposited in the irradiated volume more rapidly than it can be dissipated through collective molecular motion, which can lead to material fracture into chunks [24, 25] .
CONCLUSIONS
At ablation by pulsed laser of CuInSe 2 powder the formation of spherical particles has been observed. The average size of particles depends on such laser beam parameters as wavelength, pulse energy, and pulse rate. Photoelectric studies have revealed a significant improvement in the photosensitivity of laser-ablated CuInSe 2 compound. By selecting the operation mode of the laser emitter, the ablation method can be applied to non-mechanical milling of various materials without impairing their working properties. Darba autori apskata impulsa lāzera ablācijas pielietojuma iespēju CuInSe 2 savienojumam. Eksperimentu gaitā tika konstatēts, ka ablācijas procesā CuInSe 2 vidē veidojas sfēriskas formas daļiņas, kuru izmēri ir atkarīgi no lāzera starojuma parametriem un no vides īpašībām. Apstarotā materiāla analīze uzrādīja CuInSe 2 struktūras kvalitātes uzlabojumus, kā arī gaismjūtības palielināšanos par 8%, salīdzinājumā ar neapstarotu materiālu. Darba rezultāti liecina par to, ka, mainot lāzera starojuma parametrus, ir iespējams uzlabot CuInSe 2 savienojumu, nesagraujot tā darba īpašības. Aprakstītās eksperimentālās metodes un tehnoloģijas sniedz plašu darbības lauku tālākiem pētījumiem šajā jomā. 31 .05.2013.
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